Seven diterpene lactones, andrographolide (1), isoandrographolide (2), neo-andrographolide (3), 14-deoxy-11,12-didehydroandrographolide (4), 14-deoxyandrographiside (5), 14-deoxy-11,12-didehydroandrographiside (6), 3,14-dideoxyandrographolide (10), and three flavones, andrographidine C (7), andrographidine A (8), 5-hydroxy-7,8-dimethoxyflavanone (9) have been successfully and efficiently isolated from A. paniculata using an off-line two dimensional (2D) high-speed counter-current chromatography (HSCCC) method for the first time. For the first dimension HSCCC separation, petroleum ether-ethyl acetate-methanol-water 3:7:5:5 (v/v) was employed to isolate 14.4 mg of compound 1, 3.1 mg of compound 2, 7.8 mg of compound 3, and 18.0 mg of compound 4 from 200 mg of the A. paniculata extract. For the second dimension HSCCC separation, petroleum ether-ethyl acetate-methanol-water 2:8:1:9 (v/v) and 5:5:6:4 (v/v) were employed to isolate the collected fractions ranged from 55 to 79 min and the flow out fraction, respectively, which led to 5.1 mg of compound 5, 4.4 mg of compound 6, 2.4 mg of compound 7, 3.3 mg of compound 8, 4.0 mg of compound 9, 7.0 mg of compound 10. The structures of these diterpene lactones and flavones were elucidated by extensive spectroscopic methods.
Introduction
Traditional Chinese medicine has received more and more attention due to their structurally complex compounds and multiple pharmacological activities. Accordingly, various chromatographic isolated methods have been developed to purify compounds from the natural medicine, such as conventional open column chromatography, preparative column chromatography, and so on. High-speed counter-current chromatography (HSCCC), a recently appeared liquid-liquid partition chromatography technique, is used more and more widely in the purification of complex compounds from natural products not only because of its no irreversible adsorption of constituents on account of lacking a solid support matrix but also due to its large sample loading size and high separation efficiency. 
Results

Optimization of HPLC conditions
Optimization of the HPLC conditions was carried out with different mobile phases including acetonitrile/water, acetonitrile/water acidified with 0.1% acetic acid v/v, acetonitrile/water acidified with 0.1% phosphoric acid v/v, acetonitrile/water acidified with 0.1% formic acid v/v, different gradient elution modes, and different columns. When a normal C18 analytical column was used with the mobile phase of acetonitrile/water, the fronting peaks appeared in the HPLC chromatography of the A. paniculata crude extract. To overcome this problem, 0.1% acetic acid, 0.1% phosphoric acid, and 0.1% formic acid were added into the water to improve the peak shapes. However, the fronting peaks in the chromatography hardly changed. Consequently, a C8 analytical column was used to improve the fronting shapes of the peaks, which could reduce the adsorption of the sample to eliminate the fronting peaks. Finally, the analytical column was determined as Eclipse Plus C8 and the optimized HPLC mobile phase was composed of acetonitrile/water with a suitable gradient elution mode set at 0-5 min, 20-20%A; 5-10 min, 20-23%A; 10-25 min, 23-26%A; 26-40 min, 31-31%A; 41-60 min, 31-60%A; 61-70 min, 60-70%A; 71-80 min, 100-100%A, at a flow rate of 1.0 mL/min. The flow rate, injection volume and temperature were set as 1.0 mL/min, 10 μL and 25 °C. Spectra were detected from 190 to 400 nm with the chromatogram analyzing at 225 nm and 254 nm (the upper two chromatograms in Figure 2 ). Under the optimized HPLC conditions, the ten separated compounds (the bottom ten chromatograms in Figure 2 ) reached baseline separation and were identified as the relative compounds 1-10 in the upper two HPLC chromatograms of the extraction sample according to the same retention time. 
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Optimization of the High-Speed Counter-Current Chromatography Conditions
Ten compounds, including seven diterpene lactones, andrographolide (1), isoandrographolide (2), neo-andrographolide (3), 14-deoxy-11,12-didehydroandrographolide (4), 14-deoxyandrographiside (5), 14-deoxy-11,12-didehydroandrographiside (6), 3,14-dideoxyandrographolide (10), and three flavones, andrographidine C (7), andrographidine A (8), 5-hydroxy-7,8-dimethoxyflavanone (9), from A. paniculata were isolated over periods that ranged broadly from 25 min to 60 min with a mobile phase between 20% acetonitrile/water and 60% acetonitrile/water in the HPLC analysis. Owing to the different polarities of these target compounds, selection of an excepted two-phase solvent system was most important of all during a HSCCC separation, which can be achieved when the tested partition coefficient (K D ) values for the target compounds range from 0.5 to 2.0 [10, 11] . According to the previous reports and separation experiences for compounds with large differences of polarities, the solvent system composed of petroleum ether-ethyl acetate-ethanol/methanol-water was employed as the experimental one [12, 13] . A series of K D values testing experiments were performed against three solvent systems with solvent ratios of petroleum ether-ethyl acetate-ethanol-water as 2:8:3:7, 2:8:5:5, and petroleum ether-ethyl acetate-methanol-water as 3:7:5:5 with K D values for the ten compounds listed in Table 1 . Furthermore, results demonstrated that when ethanol was changed to methanol and volume ratios of these four solvents were 3:7:5:5, the suitable K D values for compounds 1-4 were obtained. According to the K D value rules of selecting the appropriate solvent system, when the solvent system of petroleum ether-ethyl acetate-methanol-water as (3:7:5:5, v/v) was tested, compounds 1-4 were successfully separated as four peaks by HSCCC with compounds 5-8 co-eluted in the first peak due to their nearly the same K D values and compounds 9 and 10 flowed out together at the end of the separation due to their much larger K D values, as shown in Figure 3 . Owing to the poor peak resolutions of these other six compounds, an off-line 2D HSCCC method was applied to increase their peak capacities and clearly separate them. First, the co-eluted compounds 5-8 and 9-10 in Figure 3 were collected as part A and part B, respectively, which were concentrated to dryness for subsequent 2D HSCCC separation. Second, the enriched part for compounds 5-8 was subjected to three more hydrophilic solvent systems with different volume ratios of petroleum ether-ethyl acetate-methanol-water as 3:7:4:6, 3:7:3:7, and 2:8:1:9. The K D values for compounds 5-8 in Table 1 indicated the solvent system of petroleum ether-ethyl acetate-methanol-water (2:8:1:9, v/v) was suitable for the HSCCC separation for these four compounds. Finally, the enriched part for compounds 9 and 10 was subjected to one less hydrophilic solvent system of petroleum ether-ethyl acetate-methanol-water (5:5:6:4, v/v), with suitable K D values for compounds 9 and 10 assigned. Therefore, three solvent systems of petroleum ether-ethyl acetate-methanol-water (3:7:5:5, 2:8:1:9, 5:5:6:4, v/v) were ultimately applied to separate compounds 1-4, 5-8, and 9-10, respectively, using an off-line 2D HSCCC separation strategy. Moreover, factors including the flow rate of the solvent (1.0, 2.0, and 2.5 mL/min), and the revolution speed of the separation column (700, 800, and 900 rpm) were also investigated. Clearly, a decreased flow rate and increased revolution speed could both result in a higher percent of retention of the stationary phase; however, with the former lengthening the separation time, and the latter broadening the sample band. In view of the above-mentioned influence, the flow rate of 2.0 mL/min, and the revolution speed of 800 rpm were employed to run the off-line 2D HSCCC separation.
Purification of Diterpene Lactones and Flavones by 2D-HSCCC
Two-hundred milligrams of A. paniculata crude extract was successfully separated by an off-line 2D HSCCC separation using the solvent system of petroleum ether-ethyl acetate-methanol-water with three different ratios of 3:7:5:5, 2:8:1:9, and 5:5:6:4. As shown in Figure 3a , four compounds (1-4) were successfully separated in the 1D HSCCC by the solvent system of petroleum ether-ethyl acetate-methanol-water (3:7:5:5, v/v). However, the relatively close K D -values of compounds 5 (0.12), 6 (0.15), 7 (0.23), and 8 (0.22) rendered these four compounds co-eluted as one peak in part A, and the relatively smaller polarities of compounds 9 and 10 rendered these two compounds mainly distributed in the upper phase, which were eluted together in part B at the end of the separation. Consequently, an off-line 2D HSCCC method was applied to increase their peak capacities and clearly separate them. First, part A (55 min to 79 min) and part B (the flow out fraction) in the 1D HSCCC were concentrated to dryness for the subsequent 2D HSCCC separation. Second, the enriched part A for compounds 5-8 was subjected to one more hydrophilic solvent system of petroleum ether-ethyl acetate-methanol-water (2:8:1:9, v/v), and four peaks corresponding to compounds 5-8 appeared in the 2D HSCCC chromatogram of Figure 3b . Subsequently, the enriched part B for compounds 9 and 10 was subjected to one less hydrophilic solvent system of petroleum ether-ethyl acetate-methanol-water (5:5:6:4, v/v), and two peaks corresponding to compounds 9 and 10 appeared in the 2D HSCCC chromatogram of Figure 3c . Finally, after the off-line 2D HSCCC separation run, 14.4 mg of andrographolide (1), 3.1 mg of isoandrographolide (2), 7.8 mg of neo-andrographolide (3), 18.0 mg of 14-deoxy-11,12-didehydroandrographolide (4), 5.1 mg of 14-deoxyandrographiside (5), 4.4 mg of 14-deoxy-11,12-didehydroandrographiside (6), 2.4 mg of andrographidine C (7), 3.3 mg of andrographidine A (8), 4.0 mg of 5-hydroxy-7,8-dimethoxyflavanone (9), and 7.0 mg of 3,14-dideoxyandrographolide (10), were obtained from 200 mg of the A. paniculata crude extract, with purities all over 90.0% determined using HPLC.
Structure Identification of the Isolated Compounds
The structure elucidations of compounds 1-10 were finally achieved by comparing the HRESI-MS and NMR spectroscopic data with those in literatures [2, 8, [14] [15] [16] [17] (NMR and MS spectroscopic data for compounds 1-10, supplementary data). Finally, compounds 1-10 were identified as andrographolide (1), isoandrographolide (2), neo-andrographolide (3), 14-deoxy-11,12-didehydroandrographolide (4), 14-deoxyandrographiside (5), 14-deoxy-11,12-didehydroandrographiside (6), andrographidine C (7), andrographidine A (8), 5-hydroxy-7,8-dimethoxyflavanone (9) , and 3,14-dideoxyandrographolide (10), respectively. 1H, brs, H-17a), 4.86(1H, brs, H-17b), 1.49 (3H, s, Me-18), 3.60 (1H, overlapped, H-19a The HPLC analysis of the crude extract and the HSCCC fractions were performed on a Waters e2695 (Waters Corporation, Milford, MA, USA), which consisted of a Waters 2695 solvent delivery unit, a Waters 2998 photodiode array detection (DAD) detector, an autosampler, and a Waters 2695 column oven. Analysis results were collected with an Empower 3 ChemStation unit (Waters Corporation, Milford, MA, USA). An Eclipse Plus C8 (250 mm × 4.6 mm, 5 µm) analytical column (Agilent Technologies Co. Ltd., Palo Alto, CA, USA) was used to perform the HPLC analysis. A Bruker AV-400 spectrometer (Bruker BioSpin, Rheinstetten, Germany) and a Bruker Impact II mass spectrometer (Bruker Daltonic Inc., USA) were employed to perform the NMR analysis and HRESI-MS analysis.
Preparation of Crude Sample
The chopped leaves and stems of A. paniculata (200 g) were extracted with 85% aqueous EtOH twice (2 h, 1.5 h) under reflux conditions. After extraction, the extracts were combined and concentrated to remove the solvent with a rotary evaporator. Finally, 30.4 g of 85% ethanol crude extract was obtained and stored at 2-8 • C, which was prepared for the subsequent HSCCC separation.
Preparation of Two-phase Solvent Systems and Sample Solution
For the off-line 2D HSCCC isolation, solvent systems of petroleum ether-ethyl acetate-methanolwater with different volume ratios were prepared. A separatory funnel was used to separate the two-phase solvent system with the upper one as the stationary phase and the lower one as the mobile phase, which can be used until the equilibrium was achieved. The sample solution was prepared by adding 0.2 g of 85% ethanol crude extract into the mixed solvent of the lower phase and upper phase (5 mL for each phase).
HSCCC Separation Procedure
For the off-line 2D HSCCC experiment, TBE-300A HSCCC equipment was used by the chosen solvent system of petroleum ether-ethyl acetate-methanol-water with different volume ratios. Additionally, the 1D HSCCC and 2D HSCCC separation were both normal HSCCC with the same separation procedures. First, the column coil was entirely filled with the upper phase at 20.0 mL/min, and subsequently rotated at a speed of 800 rpm. Second, the lower phase was pumped into the column at 2.0 mL/min. Third, the sample solvent (each 5 mL for upper and lower phase) containing 200 mg of extract was injected into the apparatus through the sample loop, when the hydrodynamic equilibrium of the solvent system was reached in the coil, along with the lower phase being pumped into the column with a constant flow rate of 2.0 mL/min. HSCCC effluents of the extract were monitored at 254 nm using UV, and collected together every 10 mL.
Due to the restricted peak capacity of the 1D HSCCC separation, the collected fractions ranged from 55 to 79 min and the flow out fraction were both proceeded with the 2D HSCCC separation with the same procedures presented above.
At the end, when the 1D and 2D HSCCC separations were over, ethanol was used as the mobile phase to completely elute the residual solvents to calculate the stationary phase retention.
HPLC Analysis and Identification of the Fractions
A Waters e2695 apparatus and an Eclipse Plus C8 (250 mm × 4.6 mm, 5 µm) analytical column were employed to perform the HPLC analysis of the crude extract and collected HSCCC effluents. Acetonitrile (A)-water (B) was assigned as the mobile phase, and the gradient elution was 0-5 min, 20-20% A; 5-10 min, 20-23% A; 10-25 min, 23-26%A; 26-40 min, 31-31%A; 41-60 min, 31-60%A; 61-70 min, 60-70%A; 71-80 min, 100-100%A, at a flow rate of 1.0 mL/min. The HPLC chromatograms were detected at 225 nm. All purified compounds were elucidated by analyzing the HRESI-MS and NMR spectroscopic data and comparing with data in literatures.
Conclusions
In this present work, seven diterpene lactones, andrographolide (1), isoandrographolide (2), neo-andrographolide (3), 14-deoxy-11,12-didehydroandrographolide (4), 14-deoxyandrographiside (5), 14-deoxy-11,12-didehydroandrographiside (6), 3,14-dideoxyandrographolide (10), and three flavones, andrographidine C (7), andrographidine A (8), 5-hydroxy-7,8-dimethoxyflavanone (9) have been successfully and efficiently isolated from A. paniculata using an off-line 2D HSCCC method for the first time. Previously published papers about A. paniculata by HSCCC were mainly used the traditional unidimensional HSCCC, which usually led to the acquisition of a small number of purified compounds, such as andrographolide and neoandrographolide [13, 18] . What is more, only one paper about A. paniculata was used for the off-line 2D HSCCC method [12] , which rendered the isolation of five compounds. Compared with the above off-line 2D HSCCC method, this off-line 2D HSCCC method used here produced higher yields, is much more easily carried out, and more efficient, which not only has led to the isolation of the major compounds, but also the minor ones that appeared in the HPLC chromatograms of the extraction sample. Different hydrophilic solvent systems of petroleum ether-ethyl acetate-methanol-water were employed to run 1D and 2D HSCCC separations, which finally rendered ten compounds with wide range of polarities purified by the off-line 2D HSCCC method. The overall experiment results established that this off-line 2D HSCCC method improved not only the peak resolution of compounds with similar polarities but also purities and amounts of compounds with similar and different polarities.
